Introduction
Measurements of total ozone columns (TOCs) have been made around the world by ground-based Dobson spectrophotometer instruments since the 1930s (Dobson, 1930 (Dobson, , 1968 ; recently, more modern automated instruments such as Brewer (Kerr et al., 1985; Kerr, 2002) and SAOZ (Pommereau and Goutail, 1988) spectrophotometers have also been used. Additional techniques such as Fourier transform infrared spectroscopy (FTIR) (Hase et al., 1999) , Lidar (Baray et al., 1999) , and radiosonde (Thompson et al., 2003) measurements have complemented the continuous record.
Despite the significant increase in high-quality groundbased TOC measurements in recent decades, the monitoring network remains limited in terms of spatial and temporal coverage. Satellite measurements have been providing a better continuous geographical distribution. These measurements require validation against ground-based measurements for the verification of their accuracy (WMO, 1996 (WMO, , 2003 and to develop correction algorithms where necessary (Bhartia and Wellemeyer, 2002) .
Ozone monitoring through ground-based instruments and comparison with data from satellites for midlatitude regions (Balis et al., 2007; McPeters et al., 1998; Keckhut et al., 2010) is essential because, in these densely populated re-Published by Copernicus Publications on behalf of the European Geosciences Union.
gions, phenomena occur such as the formation of mini ozone holes in the Northern Hemisphere (Semane et al., 2002) and events that influence the Antarctic ozone hole (Farman et al., 1985; Solomon, 1999) in the Southern Hemisphere (Kirchhoff et al., 1996; Perez et al., 1998; De Laat et al., 2010; Pinheiro et al., 2012; Schuch et al., 2015) . Ozone content exchange between the stratosphere and the troposphere (Holton et al., 1995; Stohl et al., 2003) occurs in both hemispheres (Škerlak et al., 2014) at midlatitudes.
A number of studies have been conducted on long-term TOC monitoring to analyze ozone trends and temporal and spatial variations (Stratospheric Processes and Their Role in Climate (SPARC), 1998) using a variety of ground and satellite instruments and their intercomparisons (Reinsel et al., 2002; Antón et al., 2011; Toihir et al., 2015) . Such studies have been systematically carried out, resulting in TOC differences of approximately 3 % (Fioletov, 2008; Antón et al., 2009 Antón et al., , 2010a Hendrick et al., 2011) .
The equatorial stratosphere is dominated by an oscillating pattern of downward-propagating easterly and westerly zonal wind regimes; this Quasi-Biennial Oscillation (QBO) (Angell and Korshover, 1964) produces temperature anomalies, which in turn modify the Brewer-Dobson circulation. Holton and Lindzen (1972) explained the basic physical mechanisms of the phenomenon, and Baldwin et al. (2001) gave a detailed description of the current understanding of the QBO in wind, temperature, and ozone data.
Wavelet analysis is a powerful tool for investigating the dominant modes of variability and analyzing the localized variations of power within a time series (Torrence and Compo, 1998) . It has enabled the investigation of the vertical structure of the stratosphere (Fadnavis and Beig, 2008) and the study of numerous geophysical events (Wang and Wang, 1996; Baliunas et al., 1997) .
This study presents measurements of TOC over the Southern Space Observatory (SSO) in southern Brazil. Data have been recorded by a Brewer spectrophotometer quasicontinuously for 23 years (1992 to 2014); these measurements are compared with data from spaceborne satellite sensors (TOMS -OMI). The climatology is derived to determine the seasonal variability in the TOC, and wavelet analysis is used to identify the variability modes and quantify this influence in multidecadal datasets. These analyses are complementary to global- (Fioletov et al., 2002; Hudson et al., 2006) and regional-scale (Rigozo et al., 2012) studies of TOC variability and contribute to the understanding of the seasonal and interannual ozone variability over southern Brazil. The Brewer spectrophotometer is a fully automated instrument developed for the ground-based measurements of spectral irradiances of the UV-B part of the solar spectrum at five wavelengths, 306.3, 310.1, 313.5, 316.8, and 320 .1 nm, with a 0.5 nm approximate resolution, allowing for the deduction of the total column of ozone (O 3 ), sulfur dioxide (SO 2 ), and nitrogen dioxide (NO 2 ). It can also obtain the aerosol optical depth in the atmosphere, the average temperature of the ozone layer, and the vertical profile of O 3 using the Umkehr technique (Kerr et al., 1985; Kerr, 2002) . The Brewer instruments located in the Southern Space Observatory (SSO) belong to the Brazilian Brewer network, and the main standard tests of standard lamp (SL), mercury lamp (Hg), shutter motor run/stop (RS), and photomultiplier dead time (DT) are accompanied daily by a printed summary sheet at the end of each 24 h period. Furthermore, UV tests with the external lamps are conducted on a monthly basis, while the scan test is performed occasionally in accordance with the manufacturer's recommendations (SCI TEC, 1988) . A detailed description of these tests can be found in a study by Vanicek (2003) , which shows the calibration history of the Dobson and Brewer instruments in Prague, Czech Republic, that point to the correct function of the Brewer spectrophotometer and consequently the accurate processing of the observations depending on the precise adjustments of the optical, electronic, and mechanical components. This was obtained the adjustment of a large set of technical parameters defined as the instrument calibration constants for each manufacturer instrument, which can be utilized in comparison with a reference (standard) instrument. In South America, the accuracy and quality of data in the TOC is ensured by calibrations with the traveling reference Brewer #017 (Fioletov et al., 2005) , which belongs to International Ozone Services Inc. and provides calibrating services (WMO, 1996) .
The TOC monitoring over the south of Brazil is accomplished by formulating the TOC daily average time series obtained by Brewer spectrophotometers using the direct-sun (DS) method on cloud-free days. The Brewer DS analysis Ann. Geophys., 35, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] 2017 www.ann-geophys.net/35/25/2017/ considered in this study follows criteria similar to that performed by Fioletov et al. (2005) , as follows. The individual DS ozone observations are performed five times in 3 min for each half hour. The standard deviations of the measured ozone were computed in a group of five individual DS measurements for each wavelength. Data were only considered if the standard deviation was lower than 2.5 DU. To obtain a better statistics analysis, the number of the individual DS data should be at least 35 (about seven sequences of five observations), and only typical clear-sky days at solar zenith angles below 65 • were considered in the calculation of ozone.
The daily ozone measurements by satellite used in this study were obtained through overpass measurements from the Total Ozone Mapping Spectrometer (TOMS), developed by National Aeronautics and Space Administration (NASA), on board the Meteor-3 and Earth Probe satellites and the Ozone Monitoring Instrument (OMI), which is on board the EOS-Aura satellite.
The TOMS instrument started operating in 1978, with the launch of the Nimbus-7 satellite, continuing from 1991 to 1994 aboard the Meteor-3 satellite and since 1996 aboard the Earth Probe, stopping operation in late 2005. The TOMS ozone overpass data used in this work are from the version 8 TOMS algorithm, available on the NASA website http://acdisc.gsfc.nasa.gov/opendap/ (Bhartia and Wellemeyer, 2002; Wellemeyer et al., 1997 Wellemeyer et al., , 2004 . TOMS uses the backscatter ultraviolet (BUV) technique, a measurement method that determines ozone indirectly by mapping the ultraviolet light emitted by the sun and backscattered from the Earth's atmosphere towards the satellite. TOMS provides UV radiation backscattered samples in six wavelengths that suffer differential absorption by ozone. Comparing these measures with the measures from the sun, the TOMS algorithm calculates the TOC Herman et al., 1996) .
At the end of 2005, the TOMS equipment ended its mission and was replaced by the Ozone Monitoring Instrument (OMI). This equipment is on board the Aura satellite, which was launched in July 2004 in the framework of Earth Observing System (EOS) mission, and it is currently operational. The OMI instrument measures atmospheric components, such as the total content of O 3 , NO 2 , SO 2 , and aerosols, and can be downloaded from the NASA website: http://avdc.gsfc. nasa.gov/index.php?site=1593048672&id=28.
Just like TOMS, OMI performs measures through the BUV technique with two images feeding the spectrometer grid. It has two ultraviolet bands, namely the UV-1 270 at 314 nm and UV-2 306 at 380 nm with a spectral resolution of 1-0.45 nm (McPeters et al., 1998) .
The Brewer daily average measurement used in this analysis is considered satisfactory because the overpass satellite measurements show only one daily value, allowing the comparison between a large number of pair measurements (Antón et al., 2010b). Figure 1 shows a time series for each instrument groundbased (panel a) and satellite (panel b) used for TOC monitoring over the South Space Observatory (SSO) between 1992 and 2014, noting a well-defined annual cycle in all datasets together with large periods of missing data in the Brewer spectrophotometer dataset between 1999 and 2000 and between 2009 and 2011 and the TOMS satellite dataset between 1994 and 1996. The gap observed between 1999 and 2000 indicates the period of exchanging the Brewer instrument (update #081 to #056), while the gap between 2009 and 2011 is due to an electronic problem. The gap observed between 1994 and 1996 in the TOMS satellite data is related to replacing the Meteor-3 and Earth Probe satellite instruments.
Comparison analysis
The TOC daily averaged data from the Brewer instruments were compared with the satellite instrument datasets (TOMS and OMI) to analyze the correspondence between both datasets and to confirm the effectiveness of the long-term Brewer spectrophotometers TOC monitoring over the Southern Space Observatory. Two datasets were used: A linear regression analysis was performed for each dataset, and the correlation coefficient (R 2 ) and the root mean square error (RMSE) between the measurements were calculated. In addition, the mean bias error (MBE) and the mean absolute bias error (MABE) were calculated for all the possible data pairs of each dataset. The RMSE, a measure frequently used to estimate the difference between values predicted by a model (or satellite), and the values observed (in this case a Brewer spectrophotometer), also called residuals, which aggregates them into a single measure of predictive power, were also calculated using the following formula:
where n is the data pair number. The values of the MBE represent the systematic error or bias. A positive value of MBE indicates an overestimate, while a negative value indicates underestimation by the model. The MABE gives the absolute bias error value, and it is a measure of the correlation goodness.
The MABE and MBE were also calculated analogically as performed by other authors for comparison studies (e.g., Antón et al., 2009 Antón et al., , 2010b Ialongo et al., 2008; Toihir et al., 2015) , and the formulas for these parameters can be repre- sented as
Additionally, a statistical analysis of percent differences (see Eq. 4) computed for each day and also month by month was conducted to verify the accuracy between ground and satellite instruments measures (e.g., Hendrick et al., 2011) .
To study the relationship between the QBO and ozone anomalies, the zonal wind at 30 hPa over Singapore was used as a QBO index, and it can be obtained from the NOAA website: http://www.esrl.noaa.gov/psd/data/correlation/qbo.data.
Wavelet analysis
To verify the dominant modes of ozone interannual variability and how these modes vary throughout time, TOC data from Brewer spectrophotometer and satellite instruments recorded over the Southern Space Observatory were analyzed based on the wavelets transform method. The wavelet analysis was described in detail by Torrence and Compo (1998) and is considered a powerful tool for analyzing the localized variations of power spectrum within a time series by decomposing these time series in time-frequency space. The wavelet transform of a discrete data series is defined as the convolution between the series and a scaled and translated version of the chosen wavelet function. Foufoula-Georgiou and Kumar (1995) described a geophysical application, and Daubechies (1992) described a theoretical treatment of wavelet analysis. In this work, the deseasonalized Brewer and satellite TOC monthly anomaly time series, obtained by subtracting the monthly mean time series (not shown) from the monthly climatological mean, are applied using the wavelet transform method to reveal the basic modes of interannual ozone variability (Hadjinicolaou et al., 2005) . The wavelet transform method chosen is the Morlet one, which consists of a plane wave modulated by a Gaussian function:
Here, ω 0 is the nondimensional frequency, and η is nondimensional time parameter. The continuous wavelet transform of a discrete time series X n , with equal time spacing t, with n = 0, . . . , N − 1, is defined as
where the (*) indicates the complex conjugate and s indicates the wavelet scale (period). The global wavelet spectrum was calculated as the timeaveraged wavelet spectrum over a certain period when the average is over all the local wavelet spectra (Torrence and Compo, 1998) and provides an unbiased and consistent estimation of the true power spectrum of a time series Percival (1995) : Possible errors in our finite-length time series at the beginning and the end of the wavelet power spectrum are minimized to pad the end of the time series with zeroes before doing the wavelet transform and then remove them afterward. The region of the wavelet spectrum in which edge effects become important and are defined as the e-folding time for the autocorrelation of wavelet power at each scale is called the cone of influence (COI). The latter ensures that the edge effects are negligible beyond this point. In Figs. 5b  and 6b , the region below the thin U-shaped curve indicates the COI, and the white dotted line represents the 95 % confidence level. The wavelet power spectrum was normalized by |W n (s)| 2 /σ 2 to obtain a measure of the relative power for the Brewer and satellite TOC anomaly time series.
3 Results and discussion
Daily and monthly analysis/comparisons
The first step in the comparison study was to fit linear regression in the TOC values measured from the SSO between July 1992 and December 2014. Figure 2 shows the scatterplot plotted for Brewer spectrophotometer data and satellite data. (Viatte et al., 2011; Antón et al., 2009 Antón et al., , 2010a ; Rome, Italy (Ialongo et al., 2008) ; and at other monitoring stations around the planet (Hendrick et al., 2011; Keckhut et al., 2010) .
A small spread was observed in the datasets, with RMSE smaller than 3 % in both datasets (2.67 % for Dataset #1 and 1.87 % for Dataset #2). This is consistent with other similar studies carried out at the El Arenosillo station, where Brewer and satellite data have undergone this type of analysis (e.g., Antón et al., 2010b) . The small values of the MBE index indicate a nonsignificant overestimation or underestimation of the values of TOC obtained through satellite instruments in relation to the Brewer spectrophotometer. However, it is observed that the TOMS satellite overestimates the Brewer instrument data for Dataset #1 (0.34 ± 2.31 %), and the OMI satellite underestimates the Brewer instrument Dataset #2 (−0.46 ± 1.88 %).
MABE values were observed to be reduced from 2.64 ± 2.31 % in Dataset #1 to 1.88 ± 1.61 % in Dataset #2, suggesting that the daily differences between Brewer and satellite data are small and are in better agreement with the measurement from the updated Brewer equipment. This is consistent with the results obtained by Antón et al. (2009 Antón et al. ( , 2010a in their study conducted for the Iberian Peninsula. This reduction, along with the reduced standard deviation, indicates that the spread between the datasets decreased due to launching more modern satellite instruments and the repair of the algorithms of the satellite instruments, performed over time (Bhartia and Wellemeyer, 2002) , in addition to the substitutions of the ground equipment that occurred during these periods.
To verify the differences between the datasets, daily (top) and monthly (bottom) TOC mean comparison analysis were performed between ground-based and satellite instruments (see Fig. 3 ). In Fig. 3 , the daily and monthly percent dif- ferences between each dataset for the complete period between 1992 and 2014 are shown. The main observation here is a minor percent difference in Dataset #1 with an average of 0.28 ± 3.48 %, indicating a slight overestimation of the TOMS observations, and a strong decrease in performance is observed in the last operation period of the Brewer #081 between 1998 and 1999. On the other hand, there were higher percentage differences for Dataset #2, an average of −0.50 % ± 2.44, showing an underestimation of OMI with respect to the Brewer measurements. Similar results are also reported by Antón et al. (2009 Antón et al. ( , 2010b for the Iberian Peninsula, where Brewer and OMI total ozone datasets were compared.
The analysis of the monthly percent differences between each different dataset highlights the periods of major differences observed in Fig. 3b , facilitating the identification of related reasons and these peaks in percentage differences, which are on average −0.62 ± 1.90 for Dataset #1 (TOMS -Brewer) and −0.03 % ± 2.88 for Dataset #2 (OMI -Brewer), showing an underestimation of the TOMS and OMI in the monthly dataset.
The end period of the Meteor-3 operation (1994) and the beginning of the operation of Earth Probe (1996) presented the most intense overestimation peak in percent differences observed during the studied period (1992-2014); however, the adjustment of the new correction algorithms solved the technical problems and stabilized the measures of the latter instrument (Wellemeyer et al., 2004) . Antón et al. (2010) noted that the period between 2000 and 2001 marked the beginning of the degradation of Earth Probe satellite measurements, coinciding with an overestimation peak observed during this period, when it was compared with Brewer #056, which worked temporally in the SSO. The beginning of the operation of Brewer #167 and the end of the operation period of the Earth Probe satellite instrument were characterized by weak underestimation peaks observed in 2004. The same behavior was observed at the beginning of the operation of the OMI satellite instrument when it was compared with Brewer #167 during this period.
The results presented above confirm the effectiveness of the Brewer spectrophotometer measures on the SSO, enabling their use in studies of climatology and seasonal and interannual variability performed in the next section.
TOC temporal variability at SSO

Climatology and seasonal TOC variation
The annual cycle is a major component of long-term TOC variation at middle latitudes, and it can be controlled by a balance between transport associated with the diabatic circulation of the stratosphere or the Brewer-Dobson circulation and photochemical loss (Tung and Yang, 1988) , and this cycle can be clearly identified in the TOC time series (Fig. 1) of the SSO between 1992 and 2014 for both ground-based and satellite instruments.
For the purpose of this work, the ozone climatology and its seasonal variability at the SSO were calculated. The monthly mean ozone values were obtained by grouping the daily TOC data in terms of the month and irrespective of the year and subjecting it to qualitative analysis (i.e., within ±2 SD); hence, the data have better accuracy and have a limited contribution from the extreme events. This method is similar to the one employed by Sivakumar et al. (2007) in their study of the climatology and variability in the stratospheric ozone over Réunion, France.
In this study, a seasonal variation with higher values in spring and lower values in autumn of each year and 274.4 ± 19.7 DU as the Brewer TOC average value in the region of the Southern Space Observatory were observed. The TOC monthly climatology evolution is shown together with standard deviation from the Brewer spectrophotometer (black) and TOMS (blue) and OMI (red) satellite instruments where an annual oscillation is observed, as shown in Fig. 4 .
In the midlatitude regions, during winter and early spring, the transportation associated with the Brewer-Dobson stratosphere circulation is causing the build-up of ozone, culminating with its maximum in springtime (London, 1985) . However, during the late spring and summer there is a decline in ozone caused by transportation decrease, and photochemical loss dominates with the increase in solar radiation (Tung and Yang, 1988) .
Both Brewer and satellite instruments present similar climatological behaviors, with clear ozone seasonal cycles, having a minimum (∼ 260 DU) in April and a maximum (∼ 295 DU) in September with an amplitude of 35 DU. This is in agreement with the results obtained for midlatitude regions by Antón et al. (2011 ) over Portugal, Zou et al. (2000 over Tibet, and Brinksma et al. (1998) over Lauder in New Zealand.
The SSO geographical location is close to the dynamic barriers, and it is thus expected to show high TOC variability due to dynamic processes such as stratospheretroposphere exchanges and meridian exchanges between the stratospheric tropical reservoir and midlatitudes (Baray et al., 1999; Portafaix et al., 2003) or between the Antarctic ozone hole and midlatitudes (Kirchhoff et al., 1996) .
Interannual TOC variability
The main modes of interannual TOC variability over SSO between 1992 and 2014 were analyzed by applying the wavelet transform method to the Brewer and satellite TOC monthly anomaly time series. The time series used for the wavelet analysis on the SSO between 1992 and 2014 (panel a), the normalized wavelet spectrum (panel b) and the obtained global wavelet spectrum (panel c) are presented in Figs. 5 (Brewer) and 6 (satellite). It is clearly highlighted in these figures that the largest intensities found in the power spectrum over the south of Brazil TOC are concentrated within a QBO variation with a 22-and 34-month band (Baldwin et al., 2001) , El Niño-Southern Oscillation (ENSO) variation with a 24-96-month band (Trenberth, 1976; Reid, 1994) and the 11-year solar cycle variations (Lee and Smith, 2003) . These results indicate that the observed modes are present in the interannual TOC variability recorded between 1992 and 2014 over the SSO by Brewer spectrophotometer and Satellite instruments (TOMS and OMI).
We observed periodicities in the normalized wavelet spectrum in the 22-to 34-month bands in two different periods. The first period between 1995 and 2000 and the second period between 2004 and 2009 were more intense in the Brewer dataset (Fig. 5 ) than the satellite dataset (Fig. 6) . These periodicities are linked to the QBO signal, which could confirm the QBO influence as the main ozone variability observed over the SSO because both are within the 95 % significance level contours (white contours), with a peak in the global wavelet spectrum inside the 95 % confidence spectrum. Periodicities in the 24-96-month band were also observed in two different periods. The first is observed between 1993 and 2009 within the 95 % significance level contours, and the second period in 2011 is outside the 95 % significance level contours. The peak associated with this mode of TOC variability and present in the global wavelet spectrum is outside the 95 % confidence spectrum for the case of the Brewer dataset. For satellite dataset, this periodicity is weaker and also outside the 95 % of significance level contours and the cone of influence. This periodicity probably indicates the ENSO signature on the TOC over the SSO station. Furthermore, periodicity in the 11-year band, related to the influence of 11year solar cycle, was observed in the whole period outside the cone of influence and 95 % significance level contours in www.ann-geophys.net/35/25/2017/ Ann. Geophys., 35, 25-37, 2017 normalized wavelet spectrum and outside of the 95 % confidence level in the global wavelet spectrum in the Brewer dataset and inside the 95 % significance level contours in the normalized wavelet spectrum and global wavelet spectrum in the satellite dataset, probably caused by radiometric calibration in solar radiation incident and backscattered ultraviolet sunlight measures (McPeters et al., 1998) .
These results indicate the QBO influence as the main mode of TOC interannual variability over the SSO for having the largest intensities within the level of 95 % significance for contours and cone of influence in the normalized wavelet spectrum with a peak in the global wavelet spectrum, which is inside the 95 % confidence spectrum. These results are in accordance with results obtained by Rigozo et al. (2012) in a local reconstructed daily ozone time series over the south of Brazil. In other midlatitude regions, similar results were observed in SAGE II data by singular value decomposition (Randel and Wu, 1996; Fioletov at al., 2006) , TOMS data by Yang and Tung (1994) , MLS satellite ozone profile by wavelets analyses (Fadnavis and Beig, 2008) . In addition, numerical studies in general circulation models (Chipperfield et al., 1994; Takahashi, 1999) found the ozone anomaly in midlatitude regions in approximately opposite phase in comparison with the QBO index. A positive temperature gradient (pole to Equator) produces an increase in westerly winds with height (positive wind shear) and the consequent slowing of Brewer-Dobson circulation, while a negative temperature gradient (Equator to pole) produces increasing easterly winds with height (negative wind shear) and the consequent speeding up of Brewer-Dobson circulation, balanced in the subtropics for the socalled QBO-induced meridional circulation, forced by the dissipation of vertically planetary waves propagating like Rossby and gravity (Holton and Tan, 1980; Bowman, 1989; O'Sullivan and Salby, 1990) .
The deceleration of the Brewer-Dobson circulation produces a slow reduction in the upward air motion and positive ozone anomaly in the tropics by production accumulation. This is accompanied by a reduction in ozone transport to the midlatitudes, causing negative ozone anomaly in this region. This condition is associated with positive anomalies of the equatorial zonal wind (Reed et al., 1961; Reid and Cage, 1985) . The reverse behavior of the enhanced Brewer-Dobson circulation, associated with negative anomalies of the equatorial zonal wind QBO, causes the acceleration in upward air motion in the tropics and the consecutive negative ozone anomaly by greater removal and transport to midlatitudes, where the positive ozone anomaly is observed for bringing air rich in ozone from the tropical stratosphere. Figure 7 presents the anomaly TOC time series obtained from the Brewer spectrophotometer (blue) and satellite (TOMS -OMI) observations (red). The black dotted line is the monthly zonal wind at 30 hPa over Singapore, which is used in this present work as the QBO index. It is apparent in Fig. 7 that the variability in TOC monthly anomaly over SSO is in quasi-anti-phase with the QBO modulation, and the amplitude of TOC anomaly is in the 6 DU range and in accordance with the above explanation. These results are consistent with those found in other midlatitude regions as observed in global satellite data (Randel and Wu, 1996; Yang and Tung, 1994; Baldwin, 2001) or in individual station as over the Tibetan Plateau (Zou et al., 2000) and over Lauder on New Zealand (Brinksma et al., 1998) .
ENSO and 11 years of solar cycle modulations do not show a statistical significance in relation to the TOC monthly anomaly time series signal. This indicates a need for a specific and detailed investigation in relation to these action modes into the interannual and interdecadal variability in TOC over the SSO. Moreover, the quantification of variability explanation for each mode, trend studies, and analysis regarding the influence of the Antarctic ozone hole over the south of Brazil can be performed using the long-term well-adjusted measures of the Brewer spectrophotometer and TOMS and OMI satellites over the SSO region.
Conclusion
This study shows the TOC measurement of the Southern Space Observatory (29.26 • S, 53.48 • and 488 m altitude), Brazil, for a quasi-continuous period of 23 years (1992-2014) by three successive Brewer spectrophotometers (#081, #056 and #167). These Brewer measurements were compared to daily and monthly observations of spaceborne satellite sensor data from TOMS and OMI and were in excellent agreement. Moreover, this study highlights the scientific significance in contributing to the understanding of the seasonal and interannual ozone variability over southern Brazil once the monthly climatology determined that the seasonal TOC variation is dominated by the annual cycle, and the wavelet analysis applied in the SSO TOC anomaly time series determined that the QBO is the main mode of interannual variability complementing studies on the global and regional scales. Additionally, the comparison between the SSO TOC www.ann-geophys.net/35/25/2017/ Ann. Geophys., 35, 25-37, 2017
anomaly time series with the QBO index has revealed that the two are approximately in opposite phases. The excellent agreement between simultaneous Brewer and satellite measurements of TOMS (Meteor-3 and Earth Probe) and OMI was verified by high R 2 values (0.88 and 0.93, respectively) and a small spread in both datasets, with RMSE smaller than 3 % (2.67 % for Dataset #1 and 1.87 % for Dataset #2). The MBE parameter indicates that the TOMS satellite overestimates the Brewer instrument, and the OMI satellite underestimates the Brewer instrument in daily analyses; the reduction in the MABE values and their standard deviation between Brewer and satellite show a better agreement with the update in the measurement equipment. The percentage differences between the Brewer and satellite datasets show that, on average, the satellite instrument TOMS overestimates the Brewer data (0.28 ± 2.43 %) and that the OMI satellite instrument underestimates the Brewer data by −0.5 ± 2.44 %. Periods near equipment exchange present a higher percent difference in peaks, highlighted by observed monthly analysis differences, as in the beginning of the Earth Probe operation or the end of the operation of Brewer spectrophotometer #081. These results confirm the effectiveness of the long-term Brewer spectrophotometers' measurements over the SSO since there is no major discrepancy between the datasets, maintaining the differences within the ±5 % range.
The annual cycle is the dominant mode in the seasonal TOC variation, associated with the Brewer-Dobson circulation and photochemical loss variability, with a minimum ∼ 260 DU in spring (April) and a maximum ∼ 295 DU in autumn (September) and amplitude of 35 DU, consistent with the obtained results in other midlatitude sites. The main modes of interannual TOC variability were analyzed, based on wavelet transform, and the obtained results highlighted the presence of variation within the 22-34-month band associated with QBO modulation, the variation within 24-96month band associated with ENSO modulation, and variations in the 11-year band associated with the 11-year solar cycle modulation in both ground-based and satellite datasets. However, only the QBO modulation was within the level of 95 % significance level contours, and the cone of influence (COI) in the normalized wavelet spectrum and the global wavelet spectrum in both the ground-based and satellite datasets indicate the QBO influence as the main mode of interannual variability in the Brewer and satellite TOC monthly anomalies in the SSO time series. The association of variations in the SSO Brewer and satellite TOC monthly anomaly with the equatorial zonal wind QBO index was verified and observed that the Brewer and satellite TOC are in quasi-anti-phase with the QBO modulation and have mean TOC anomaly amplitude of 6 DU.
The verification of ENSO and 11 year solar cycle modulations requiring specific and detailed investigation in relation to these action modes into the interannual and interdecadal variability in TOC over the SSO, together with the quantify-ing of variability explanation for each mode, trend analyses and the Influence of the Antarctic ozone hole over the south of Brazil studies, next goals for this long-term Brewer spectrophotometer and satellite TOMS and OMI measurements at the Southern Space Observatory.
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